develop immediately (within the first 18 months) after recent M.tb infection or after many years 23 of latency, presumably caused via distinct disease mechanisms. Late progression or TB 24 reactivation is more likely the consequence of acquired immune compromise due to other 25 diseases or ageing, whereas early progression is presumably due to failure in mounting the 26 initial immune response that contains the bacterial spread. Previous studies have indicated a 27 strong heritable component of population-wide TB susceptibility, that includes early disease 28 progression, reactivation and infection [3] [4] [5] . But whether early progression has a different genetic 29 architecture compared to population-wide susceptibility has yet to be defined. 30
31
Reported associations for TB, and other infectious diseases, has to be considered in the context 32 of TB diagnostic criteria and selected control groups 6, 7 . To date, genome-wide association 33 studies (GWAS) of TB have compared mixed pools of TB patients with early progression or 34 reactivation, to population controls, who may not have been exposed to M.tb at all [8] [9] [10] [11] [12] . Hence, 35 known human genetic loci associations with clinical outcomes might represent risk factors for 36
M.tb infection, progression from recent M.tb exposure to active TB, or reactivation of TB after a 37 period of latency. Infection, progression and reactivation represent pathophysiologically distinct 38 disease transitions likely involving distinct mechanisms of transmission, early innate immune 39 response and control by adaptive immunity. Thus, the study of mixed TB populations using 40 controls of unknown exposure status may underestimate or miss genetic associations for these 41 separate stages of disease. 42
43
To identify host factors that drive pulmonary early TB progression, we conducted a large, 44 longitudinal genetic study in Lima, Peru (Fig. 1b) , where the TB incidence rate is one of the 45 highest in the region 2 . We enrolled patients with microbiologically confirmed pulmonary TB. 46
Within two weeks of enrolling an index patient, we identified their household contacts (HHCs) 47 and screened for infection as measured by a tuberculin skin test (TST) and for signs and 48 symptoms of pulmonary and extra-pulmonary TB. HHCs were re-evaluated at two, six and 49 twelve months. We considered individuals to be early progressors if they are (1) index patients 50 whose M.tb isolates shared a molecular fingerprint with isolates from other enrolled patients; (2) 51
HHCs who developed TB disease within one year after exposure to an index patient and (3) 52 index patients who were 40 years old or younger at time of diagnosis. We considered HHCs 53 who were TST positive at baseline or any time during the 12 month follow up period, but who 54 had no previous history of TB disease and remained disease free, as non-progressing controls 55 (Methods, Figure 1b) . In total, we genotyped 2,175 recently exposed pulmonary TB cases 56 (early progressors) versus 1,827 HHCs with latent tuberculosis infection, who had not 57 progressed to active TB during one year of follow-up (non-progressors), as controls (Methods, 58
Supplementary Table 1) . 59
60
To our knowledge, this represents the most extensive genetic study conducted in Peru to date. 61
Peru is a country with a complex demographic history and underexplored genomic variation. 62
When Spanish conquistadors arrived in the region in the 16th century, Peru was the center of 63 the vast Inca Empire and was inhabited by a large Native American population 13, 14 . During the 64 colonial period, Europeans and Africans (brought in as slaves) arrived in large numbers to Peru. 65
After Peru gained its independence in 1821, there was a flow of immigrants from southern 66
China to all regions of Peru as a replacement for slaves 15, 16 . As a result, the genetic background 67 of the current Peruvian population is shaped by different levels of admixture between Native 68 Americans, Europeans, African and Asian immigrants that arrived in waves with specific and 69 dated historical antecedents. When compared to individuals from other South American 70 countries 17, 18 , Peruvians tend to share a greater genetic similarity with Andean indigenous 71 people such as Quechua and Aymara (Figure 2, Supplementary Figure 1, Methods) . 72
73
This unique genetic heritage provides both a challenge and an opportunity for biomedical 74 research. To optimally capture genetic variation, and particularly rare variations in Peruvians, 75
we designed a 712,000-SNP customized array (LIMAArray) with genome-wide coverage based 76 on whole-exome sequencing data from 116 active TB cases (Methods, Supplementary Table  77 2, Supplementary Figure 2) . When compared to other more comprehensive genotyping 78 platforms available at the time, LIMAArray showed an approximately 5% increase in imputation 79 accuracy, particularly for population-specific and low-frequency variants (Supplementary Table  80 3). We derived estimated genotypes for ~8 million variants using the 1000 Genomes Project 81
Phase 3 17 as the reference panel and tested single marker and rare-variant burden associations 82 with linear mixed models that account for both population stratification and relatedness in the 83 cohort (Supplementary Figure 3-4, Methods) . Genome-wide association results of 2,160 84 cases and 1,820 controls after quality control (Methods) are summarized in Supplementary 85 Figure 5 . We observed no inflation of test statistics ( !" = 1.03, !" = 1.00 for common and 86 rare association analyses respectively), which suggests potental biases were strictly controlled 87 in our study. 88
89
To investigate the genetic basis of early TB progression, we first estimated its variant-based 90 heritability ( ). Using GCTA 19 Table 7) . We genotyped these four SNPs in 4,002 initial subjects and 116
concluded that all four variants show a high concordance rate (>99%) with imputed genotypes 117 (Supplementary Table 6 We examined our 11 most associated variants for early TB progression identified in the 140
Peruvian cohort in previously published GWAS datasets [8] [9] [10] 27 (Supplementary Table 8 ). These 141 SNPs were less frequent (<1%) in the African populations than in the European and Peruvian 142 populations, resulting in lower statistical power to detect association. We therefore examined 143 the SNPs in two previously published Russian 10 (5,530 TB cases and 5,607 controls) and 144 Icelandic 27 (4,049 TB cases and 6,543 TST+ controls) GWAS datasets. We observed that the 145 effects in the Russian cohort were similar, as they shared comparable ORs of 1.10 (Peru) and 146 1.18 (Russia) for rs73226617 (P Russia =0.065). In contrast, there was no signal observed in the 147
Icelandic cohort (OR=1.06, P Iceland =0.437). Consistent with our previous case-only analysis, the 148 weaker signals observed in both European cohorts indicate that 3q23 is specifically associated 149 with early TB progression. The association signals were therefore most likely diluted due to the 150 inclusion of reactivation cases and non-infected controls in the cohort collection. 151
We next examined how previously published TB GWAS risk loci are associated in this study. 153
We detected evidence of association in a previously reported TB locus at rs9272785 in the HLA 154 region 27 (OR=1.04, = 4.49×10 !! ), but did not detect signals at other reported risk loci 155 (Supplementary Table 9 ). Thus, previously reported loci may relate to infection or reactivation 156 phenotypes, rather than early TB progression whereas HLA association may affect both early 157 progression and reactivation. The strongest association observed in the HLA region after 158 imputation (Method, Supplementary Figure 9 29 . Briefly, IMPACT identifies regions 168 predicted to be involved in transcriptional regulatory processes related to a cell-type-specific key 169 transcription factor (Method, Figure 3 ) by leveraging information from nearly 400 in silico 170 epigenomic and sequence annotations from public databases (Supplementary Table 10) . We 171 trained IMPACT on the epigenetic chromatin signature of binding sites of the transcription factor 172 IRF1 to identify active regulatory regions specific to macrophages. Among 11 variants in the risk 173 locus, the leading associated variant rs73226617 had the highest predicted probability (0.704) 174 of lying in an active macrophage-specific regulatory region. Overexpression of IRF1, along with 175 other Type I interferon response genes, was detected early in tuberculosis contacts who 176 progressed to active disease 30, 31 . Overall, we saw an enrichment of the interferon response 177 factor in the 3q23 locus (Figure 3d) . We then performed electrophoretic mobility shift assays(EMSA) and luciferase assays to functionally identify the most likely causal variant among the 179 seven variants that constitute 90% credible set (Method). EMSA tests whether the variants 180 differentially bound nuclear complexes in an allele-specific manner. Four variants (rs73226617, Figure 10) . This negative result may be driven by the 186 sensitivity limits of the assay or the variants having cell-type-specific activities which might not Table 11 ). The array also includes coding 253 variants across a range of minor allele frequencies (MAFs), including rare markers (<1% MAF), 254 and markers that provide good genome-wide coverage for imputation in Peruvian populations in 255 the common (>5%), low frequency (1-5%) and rare (0.5-1%) MAF ranges (Supplementary 256 Table 3 ). This approach allowed the detection of rare population specific coding variants and 257 those which predisposed individuals to TB risk. 258
Genotyping and quality control 259 We extracted genomic DNA from whole blood of the participating subjects. Genotyping of all 260 samples was performed using our customized Affymetrix LIMAArray. Genotypes were called in 261 a total of 4,002 samples using the apt-genotype-axiom 35 . Individuals were excluded if they were 262 missing more than 5% of the genotype data, had an excess of heterozygous genotypes (±3.5 263 standard deviations, Supplementary Table 12), duplicated with identity-by-state >0.9 or index 264 cases with age at diagnosis greater than 40 years old. After excluding these individuals, we 265 excluded variants with a call rate less than 95%, with duplicated position markers, those with a 266 batch effect ( < 1×10 !! ), Hardy-Weinberg (HWE) P-value below 10 !! in controls, and a 267 missing rate per SNP difference in cases and controls greater than 10 !! (Supplementary 268 Table 13 ). In total, there were 3,980 samples and 677,232 SNPs left for imputation and 269 association analyses after quality control. 270
Imputation and association analyses 271
The genotyped data were pre-phased using SHAPEIT2 36 . IMPUTE2 37 was then used to impute 272 genotypes at untyped genetic variants using the 1000 Genomes Project Phase 3 dataset 17 ( !" ) for variants after imputation was 1.03 and 1.00 for common and rare association study 293 respectively (Supplementary Figure 4) , indicating that we have successfully controlled for any 294 residual population structure or cryptic relatedness between genotyped samples. 295
296
To avoid false-positive signals due to population stratification and heterogeneity of effects due 297 to differential LD in admixed populations, we also computed GRMs based on methods 20,21 that 298 account for inflation of identity-by-state statistics due to admixture LD. LMM with admixture-299 aware GRMs resulted in numerically similar association statistics to those from unadjusted 300 analyses (Supplementary Table 15) . 301
302
To identify likely causal variants in the identified risk locus, we used FINEMAP 28 method to 303 calculate marginal likelihoods and Bayes factor for each variant assuming that there is one true 304 causal variant in the region, and it has been included in the analysis and has been well imputed 305
(--n-causal-max 1). We used the in-sample LD scores calculated using LDstore 43 to further 306 increase the accuracy of the fine-mapping analysis. rs73226619, rs73239724 and rs73226608 were included for the genotyping tests. Real-time 312 PCR using the following calculations: 2.5uL Genotyping Master Mix, 0.25uL SNP Assay-probes, 313 and 2.25uL DNA template (at 5ng/uL= 11.25ng total).Thermal cycling conditions were as 314 follows: 60C 30secs Pre-read, 95 °C for 10 min, followed by 40 cycles at 95°C for 15 s and at 60 315 °C for 1 min, then 60C 30secs Post-read. Genotyping of the polymorphisms was carried out 316 using the 5' exonuclease TaqMan Allelic Discrimination assay, which was performed utilizing 317 minor groove binder probes fluorescently labeled with VIC or FAM and the protocol 318 recommended by the supplier (Applied Biosystems, Foster City, CA, USA In this study, we focus on a genetic study 540 between recently exposed active pulmonary TB cases (progressors) and subjects with 541 tuberculin skin test (TST) positive results, who did not progress to active TB (non-progressors). 542
Index cases had sputum with confirmed TB. Controls were recruited in the same household as 543 index cases, with 12 month follow-up periods to confirm infection status using TST. 544
